The complex disseminated relationship between pyrrhotite and magnetite as well as poor liberation of finely disseminated sulfurous pyrrhotite was revealed through the mineralogy investigation of certain high-sulfurous iron ore. Grinding process and fineness have been found as significant factors influencing the flotation desulfurization performance of high-sulfurous iron ore. Moreover, the separation tests of multi-stage grinding as well as direct one-stage fine grinding were conducted. The results show that desulfurization effect of the former is much better in comparison with the latter. For one thing, sliming losses and slime influences on the separation process were relieved when the separation process of multi-stage grinding was adopted. For another, the grinding circulating load was effectively reduced while the number of high quality particles was increased, which benefits the liberation of valuable minerals. In conclusion, a technological flowsheet was presented. As a first step, one-stage low intensity magnetic separation of mineral particles to produce rough concentrate of magnetic iron was applied under the condition of grinding fineness 65% -0.074mm. The next step was a fine regrinding of the obtained rough concentrate to 90% -0.045mm. In succession, an activation of ore pulp with combined activators, as well as a reverse flotation of pyrrhotite with combined collectors to produce magnetite concentrate was employed. The reverse flotation consisted of one-stage roughing, three stages of cleaning and one-stage scavenging. Lastly, another low intensity magnetic separation step on the obtained magnetite concentrate was applied to produce the final iron concentrate. The obtained iron concentrate reaches 64.28% Fe and 0.42% S respectively with iron recovery of 53.62% and desulfurization rate of up to 90%. Technical basis can be provided for the industrial desulfurization application of high-sulfurous iron ore due to the favorable separation efficiency.
Introduction
Industry problems such as poor efficiency, backward technology always lead the dressing plant failure to achieve the expected production target in some mining company of pyrites ore [1] . Actually, high-sulfurous iron ore with sulfur content over 4% in a certain mining area is unable to meet the present requirement of industrial application, which results in huge waste of resources. However, the low sulfur content of iron concentrate is required for the steelmaking industry while the target is difficult to achieve at present [2] . Accordingly, multipurpose utilization of mineral resources and cleaner production are advocated to improve the beneficial efficiency of enterprises and promote the goal realization of sustainable development. In general, fine grinding fineness is the key to recovering iron concentrate by the process of desulfurization separation [3, 4] . In this work, the objective is to study the effects of grinding process and grinding fineness on the desulfurization performance of high-sulfurous iron ore. Meanwhile, the possible routes are introduced in order to efficiently realize sulfur removal and adequately recycle high-quality iron concentrate which requires a total iron recovery over 50% and a sulfur level below 1%.
Materials and methods

Materials
The samples of the high-sulfurous iron ore were taken from a certain mining area in Inner Mongolia, China and then processed by screening, crushing, mixing and packing with a weight of 1.0 kg per bag. The analysis results of the samples show that the main valuable elements to be recovered are iron and sulfur, which mainly exist in the forms of magnetite and pyrrhotite, followed by pyrite. In addition, the total iron (TFe) grade and the sulfur (S) grade are 40.39% and 4.29%, respectively, as presented in Table 1 and 2. 
Beneficiation tests
Two kinds of experimental schemes for the desulfurization of high-sulfurous iron ore were proposed to find industrially viable route to produce high-quality iron concentrate. The first scheme is the separation process of onestage grinding. The samples were firstly ground in a lab-scale conical mill with the type of XMQ-240×90. The next step was a one-stage magnetic separation with low magnetic field intensity of 128kA/m to produce rough magnetic product and non-magnetic tailings. In succession, an activation of ore pulp was applied with combined activators of sulfuric acid and new in-house activator X. Meanwhile, a reverse flotation of pyrrhotite with combined collectors of butyl xanthate and collector Q-319 was employed for desulfurization separation as well. The reverse flotation consisted of one-stage roughing, three stages of cleaning and one-stage scavenging, where all the middlings were added to the previous step in turn. Lastly, another magnetic separation step with the uniform intensity of 128kA/m for the scavenging tailings is undertaken to produce the final iron concentrate. Compared with the former scheme, an alternative approach is the separation process of multi-stage grinding, which only add a fine regrinding step into the existing process between the primary magnetic separation and the reverse flotation.
Mineralogical investigation
The mineralogy such as the disseminated relationship and the liberation degree of main minerals was investigated by means of the modern measurement technologies, including X-ray diffraction (XRD), X-ray energy disperse spectrometer (EDS), electron probe microanalysis (EPMA), light penetration microscope analysis, polarization microscope analysis, stereomicroscope analysis, and chemical analysis.
Results and discussions
Mineralogy of magnetite and pyrites
As shown in Table 2 , the main useful minerals are magnetite and pyrrhotite, followed by pyrite, while colloidal pyrite, gelenite, sphalerite and chalcopyrite are in a small amount, covering tremolite, biotite, chlorite, quartz, garnet, amazonite, etc. Moreover, it can be seen from Fig. 1 that the fine-grained disseminated state of sulfurous pyrrhotite is presented. The associations of the main useful minerals with other minerals as well as the disseminated relationships between pyrrhotite and magnetite are complicated. Besides, as shown in Fig. 2 , the analysis result by Electron Probe Microanalysis (EPMA) indicates that there are about 35.70 wt% S and 64.30 wt% Fe in the pyrrhotite. Accordingly, it is worth to recovering the iron and sulfur elements in the high-sulfurous iron ore. As presented in Table 3 , the particle size distributions of magnetite and pyrites were obtained. The target minerals of magnetite and pyrites are finely disseminated and extremely dispersed. They are mainly composed of medium-sized particles followed by in fine-grained sizes, while few in ultrafine sizes. In fact, the liberation degree is a key factor that affects the recovery of the valuable minerals. Therefore, the useful minerals fully liberated are required, for the sake of determining appropriate grinding fineness. It can be seen from Table 4 that the liberation degrees of magnetite and pyrites are quite poor. There only about 68% of magnetite and 53% of pyrites are liberated at the grain sizes ranging from 0.076 mm to 0.15 mm. And apparently, these problems are associated with the uneven disseminated particle size distributions.
The results of mineralogical investigation show that, the liberation degree of valuable minerals is very poor, which influences on the beneficiation performance significantly. Only under the condition of fine grinding fineness, desulfurization separation to recycle the iron concentrate can be achieved efficiently. In addition, it is difficult to reduce the sulfur content to reach the required sulfur level just with a single magnetic separation process, since the sulfur mainly exists in the form of pyrrhotite. As a consequence, combined flotation with magnetic separation [5, 6] , as well as dispensed suitable activators and collectors [7] [8] [9] [10] should be carried out during the reverse flotation process for desulfurization separation. 
The separation process of one-stage grinding
The separation test of direct one-stage fine grinding was carried out and the whole flowsheet is shown in Fig. 3 . In this section, the condition of grinding fineness was controlled reasonably to reach 90% -0.074 mm where the finegrained grinding products can be obtained. As presented in Table 5 , the obtained iron concentrate reaches 60.28% Fe and 1.02% S respectively with total iron recovery of 45.44%. Obviously, the above results can't meet the expected desulfurization requirement. An explanation may be that both the over grinding and the partial liberation happened due to the excessive grinding circulating load. Nevertheless, it is difficult to regulate the grinding fineness to avoid the particles over-crushed by using this grinding process. Besides, practical problems such as intense processing burden, great dissipation and cost are also presented. In conclusion, grinding process is a significant factor of desulfurization separation to recover iron concentrate. Therefore, in the following section, the regrinding program was adopted trying to increase the number of free particles and reduce the number of locked particles [11] . 
The separation process of multi-stage grinding
Effect of primary grinding fineness on separation
It can be seen from the process flowsheet of multi-stage grinding that, only a fine regrinding step was added to the former separation process between the primary magnetic separation and the reverse flotation. In order to determine appropriate grinding fineness to ensure the useful mineral fully liberated, the tests of primary grinding fineness on magnetic separation and desulfurization were conducted with the grinding fineness of 60%, 65%, 70% and 75% -0.074 mm, respectively. In this work, the primary magnetic separation is undertaken with low magnetic field intensity of 128kA/m. The test results are shown in Fig. 4 , as the rough grinding fineness goes up, the iron grade decreases first, then increases but finally decreases again. On the contrary, the iron recovery increases first, then decreases but finally increases again. Meanwhile, the sulfur grade increases as the grinding fineness goes up while the iron recovery nearly constant. Accordingly, 90% -0.045mm is regarded as the optimal regrinding fineness in consideration of the sulfur grade and total iron recovery. In conclusion, the necessary condition to obtain highquality products is that the useful minerals are fully liberated. In other words, if the required grinding fineness is not reached, the insufficient mineral liberation is presented. Nevertheless, if the minerals are over-ground, it not only increase the grinding cost, but also lead to sliming losses and slime influences which will worsen flotation. 
Effect of regrinding fineness on separation
According to the mineralogical investigation, the target minerals of magnetite and pyrites are finely disseminated and extremely dispersed. Furthermore, the disseminated particle size distributions are quite uneven that the particles are mainly in medium sizes followed by in fine-grained sizes, while few in ultrafine sizes. In this section, the regrinding tests on the obtained rough magnetic product was undertaken to improve the quality of concentrate. The result in Fig. 5 shows that, as the regrinding fineness goes up from 80% -0.045mm to 90% -0.045mm, the TFe recovery increases gradually while the S grade increases slowly at first then decreases. In succession, as the regrinding fineness over 90% -0.045mm, the TFe recovery decreases while the S grade increases again. It follows that the optimal regrinding fineness is 90% -0.045mm. In the circumstances, the S grade of iron concentrate reaches 0.98% with the TFe recovery of 48.50%. Therefore, the separation process of multi-stage grinding is a promising way for iron recovery and desulfurization of the high-sulfurous iron ore. 
The separation results of multi-stage grinding
The separation tests of multi-stage grinding were conducted with the technological flowsheet presented in Fig.6 . The results in Table 6 show that, the separation process of multi-stage grinding is a successful approach to produce iron concentrate at the required sulfur level. The obtained iron concentrate reaches 64.28% Fe and 0.42% S, respectively, with the iron recovery of 53.62% and desulfurization rate of up to 90%. In other words, the desulfurization performance was much better in comparison with the separation process of direct one-stage fine grinding, where the raw ores were directly ground to the fineness of 90% -0.074mm. The main reasons can be summarized as the following aspects. When the separation process of multi-stage grinding was adopted, the grinding circulating load was effectively reduced while the number of high quality particles was increased, which benefit the liberation of the valuable minerals. In addition, the sliming losses and slime influences on the separation process were relieved, which promote the separation performance of the high-sulfurous iron ore. 
Sieve analysis of iron concentrate
The sieve analysis test was conducted to obtain the particle size distribution of the final iron concentrate. It can be seen from Table 7 that the magnetite mainly concentrates in the size range from +0.038mm to-0.074 mm. In conclusion, the desulfurization performance with the sulfur level below 0.48% in the fine-grained size range is much better than that in coarse grained, where the pyrites are liberated insufficiently. Therefore, further studies will be conducted to optimize the desulfurization performance by regrinding these subpar particles appropriately. 
Conclusions
The mineralogical investigation into the high-sulfurous iron ore shows that iron exists mainly in the form of magnetite, while pyrites are mainly pyrrhotite, followed by pyrite. Poor liberation is presented for the main useful minerals of magnetite and pyrites, which attribute to their finely disseminated relationship in complex ways with other gangue minerals. In addition, the particle size distribution is quite uneven and dispersive that the particles concentrate mainly in medium sizes followed by in fine-grained sizes, while few in ultrafine sizes. Therefore, the fine grinding step should be carried out to make sure that the useful minerals are liberated sufficiently. The grinding process and grinding fineness have been found as significant factors influencing the desulfurization performance. Furthermore, a comparison of the two proposed schemes shows that, the desulfurization separation effect of the multi-stage grinding is much better than that of the direct one-stage fine grinding. Tests on grinding fineness show that, the optimal fineness of primary grinding and regrinding in the separation process of multi-stage grinding should be 65% -0.074mm and 90% -0.045mm, respectively. The produced iron concentrate can successfully reach 64.28% Fe and 0.42% S, respectively, with iron recovery of 53.62% and desulfurization rate of up to 90%. It follows that this work can provide reliable technical basis for the industrial desulfurization application of highsulfurous iron ore.
